. We therefore used aligned using conserved sequences as anchor points the ACA motif in the alignment to predict the 3Ј ends of (see Experimental Procedures). The sequence alignthe telomerase RNAs (Figure 1 ). Given the predicted 5Ј ment revealed eight highly conserved regions. A conand 3Ј ends, the sizes of vertebrate telomerase RNAs served region was defined as containing at least 3 nt vary in length from 382 to 559 nt. that were identical in all species without a gap of larger than 3 nt. The conserved regions (CRs) were numbered from 5Ј to 3Ј and designated CR1 through CR8 ( Figure  Conserved Secondary Structure of Vertebrate Telomerase RNA 1). The first conserved region (CR1) has the consensus sequence 5Ј-CUAACCCU-3Ј and represents the temTo construct a secondary structure model for telomerase RNA, the aligned sequences were analyzed for plate region of telomerase RNA that specifies synthesis of the 5Ј-TTAGGG-3Ј telomere repeats in vertebrates.
nucleotide covariation (see Experimental Procedures). (Table 1) . These helices constitute four distinct structural do-
The sequence upstream of the template region pairs with the sequence located at nt 187-208 to form helix mains: the pseudoknot domain, the CR4-CR5 domain, Figures 1 and 3A) .
We propose a secondary structure model for vertebrate The CR4-CR5 domain lies downstream of the pseutelomerase RNA based on phylogenetic comparative doknot domain and consists of a stem-loop structure analysis. The most remarkable feature of this structure established by helices P5 and P6. The intervening loop is the evolutionary conservation of four structural docontains the conserved CR4 and CR5 sequence elemains: the pseudoknot domain, the CR4-CR5 domain, ments.
the Box H/ACA domain and the CR7 domain. By mapThe Box H/ACA domain of the RNA includes P4, Box ping the set of vertebrate sequences onto the core struc-H, P7a, P7b, and Box ACA, which form a conserved ture, we inferred a minimum consensus telomerase RNA structure similar to the structure found in the Box H/ACA structure that is likely to represent the functional core of family of small nucleolar RNAs (snoRNAs) (Ganot et al. gions are also good candidates as binding sites for TERT The CR7 domain defined by the highly conserved CR7 or other telomerase accessory proteins. sequence contains 2 helices, P8a and P8b, and the L8 This proposed structure of vertebrate telomerase RNA loop (Figures 1 and 2) . In snoRNAs, this distal stemdisplays striking similarities in overall architecture to the loop is not conserved. The sequence and length conserstructure of ciliate RNAs ( Figure 5 ). The core structure vation of the CR7 region suggests that this structure is of ciliate telomerase RNA comprises a template region specific to the vertebrate telomerase RNA.
followed by a pseudoknot structural element, named Helix III. The region 5Ј of the template together with the region 3Ј of the pseudoknot form Helix I. The P1 helix Species-Specific Variation of the Secondary Structure in the vertebrate RNA structure involves a similar longThe single-stranded region J2a/3 that connects the range pairing and presumably is a homolog to the ciliate P2a.1 and P3 helices is remarkably variable in length Helix I (Figure 5 ). The single-stranded template region (Figures 1 and 3A) . The size variation of J2a/3 suggests and the pseudoknot structure are also both present in that this domain might play a less important structural the ciliate and vertebrate RNAs. Although the vertebrate role than the other highly conserved sequences. pseudoknot structure differs from the ciliate version in The region between P4 and P5 is the most variable its complexity, they both belong to the same type of region in the structure of vertebrate telomerase RNA pseudoknot structure (Pleij and Bosch, 1989) . Finally, and is designated the hypervariable paired region (Figthe 3Ј-helical fewer cycles were carried out. Amplified PCR products were gelpurified and sequenced directly to avoid sequence errors that might Degenerate PCR occur in any given PCR product. PCR fragments were sequenced Partial telomerase RNA genes were amplified from genomic DNAs in both directions. For some sequences, apparent allelic polymorusing degenerate PCR. Degenerate primers were initially designed phisms were found. In these cases, other independent PCR products based on the highly conserved sequences between human and were sequenced for further confirmation. Because of their high GC mouse telomerase RNAs. New primers were subsequently designed contents, some telomerase RNA genes were resistant to routine as new sequences were obtained. The final primers used for degen-PCR amplification. The PCR conditions employed to amplify these erate PCR are listed below (I represents inosine): forward primers, genes were specially modified using the Advantage-GC genomic TR89IF2 (5Ј-CCGCICGCTGTTTTTCTCGCTGACTTICAGCGGGC-3Ј), Polymerase Mix (ClonTech) and GC-Melt reagent (ClonTech). TR89IF5 (5Ј-CCGGIIGITGTTTTIITIGCTGACTTICAGCG-3Ј); and reAll of the telomerase RNA gene sequences used in this study verse primers, TR263R (5Ј-GCCGICCGCGGCCTIIAGGCGGG-3Ј), were confirmed including those previously published. Thus, our cow TR320R (5Ј-GCTIACAGAGICIAICTCTTCICGGCGGCA-3Ј), TR320R3 telomerase RNA sequence has additional sequence at the 5Ј end (5Ј-IGGCTIACAGCGICIAICTCTTCICGIIIGCA-3Ј).
of the RNA gene that was not reported in the previously published PCR amplifications were carried out in a 50 l reaction containing sequence (Tsao et al., 1998). All isolated telomerase RNA sequences 1ϫ Perkin-Elmer Taq buffer (with 1.5 mM MgCl 2 ), 1 M of each forward and reverse primers, 100 M dNTPs, 5% acetamide, 1 g were deposited into GenBank with accession numbers from of genomic DNA, and 2.5 U of Taq-Gold DNA polymerase (Perkin-AF221906 to AF221942. Elmer). Reactions were performed with 1 cycle at 95ЊC for 10 min, 40 cycles at 95ЊC for 30 s, 50ЊC or 55ЊC for 30 s, and 72ЊC for 1 Sequence Alignment and Phylogenetic Comparative Analysis min, and one final cycle at 72ЊC for 7 min. DNA bands with the Telomerase RNA sequences were manually aligned using SeqApp appropriate size were excised from an agarose gel. DNA was then v1.9, a sequence-editing program (available at http://iubio.bio.indiana. extracted using QIAquick gel extraction Kit (Qiagen) and sequenced edu). The sequences of closest relatives were aligned first on the directly without further cloning procedures. basis of primary sequence similarity. Each group of aligned sequences was then aligned against each of the other groups. Sets Cloning and Sequencing of the Full-length Telomerase of highly conserved nucleotides were identified and used as markers RNA Gene for aligning the more variable regions. For the extremely divergent Ligation-Mediated PCR regions, common secondary structural elements were predicted for To clone the full-length telomerase RNA genes, an adaptor-ligationeach group of species using Zuker's thermodynamic algorithm for meditated PCR method was employed. The construction of adaptor-RNA structure prediction (Mathews et al., 1999) . Finally, the variable ligated genomic libraries and the PCR amplification of target sesequences with no similarity were aligned based on their common quences were carried out as previously described (Siebert et al.,  1995) 
